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Abstract: This study investigates the influence of closed-loop devices on omnidirectional beam
patterns radiated from a Wireless Access for Vehicle Environment (WAVE) monopole antenna for
facilitating communication stability in Vehicle-to-Vehicle and Vehicle-to-Everything technology. Sin-
gle, dual, and quadruple closed-loop devices were introduced into the monopole antenna, and their
surface current density and radiation beam patterns were analyzed by using the high-frequency
structure simulator (HFSS) and computer simulation technology (CST) programs. As the closed-loop
devices reflected the signal radiated from the antenna, the distribution of the surface current was
concentrated around the monopole due to the creation of a closed-loop surface current path, which
increased the gain value. The average gain was considerably increased by introducing closed-loop
devices. The proposed antenna has an average gain of 1.57 dBi and a peak gain of 6.29 dBi at the
operating frequency. Furthermore, omnidirectional beam patterns with a beam width of 359° were
obtained by introducing four closed-loop devices into the monopole antenna, which eliminated
nearly all null points in the frequency range of 5.85-5.925 GHz.

Keywords: monopole antenna; omnidirectional beam pattern; wireless access for vehicle environment
(WAVE); vehicular antenna; multiple input-multiple output

1. Introduction

Cooperative Intelligent Transport Systems (C-ITS), centered on real-time traffic, seek
to overcome the drawbacks of existing Intelligent Transport Systems, which mainly focus
on traffic management [1-3]. Despite various sensors installed in a car, only limited
environmental information is obtained when driving over high hills or in foggy weather.
Vehicle-to-Everything or Vehicle-to-X (V2X) is a communication technology that allows
you to collect and share real-time traffic information, both visible and invisible, with other
vehicles, road infrastructure devices, networks, and pedestrians [4].

The Cellular version of V2X (C-V2X) combines Wireless Access for Vehicle Environ-
ment (WAVE) and communication technology, both designed to operate in the dedicated
frequency band (5.85 to 5.925 GHz) for V2X applications [5].

Irrespective of using either WAVE or C-V2X, the communication environment must
be seamless and reliable. It must efficiently relay information regarding road safety-related
situations, such as lane changes, warnings, and collision detection. The antenna is a crucial
component of the V2X system, which provides a reliable connection between the vehicle
and other networks.

In actual road conditions, vehicle locations vary depending on the distance and their
driving lanes. Therefore, for stable Vehicle-to-Vehicle (V2V) and Vehicle-to-Infrastructure
(V2I) communication, the radiation pattern of the antenna must be 360° (omnidirectional)

Appl. Sci. 2022, 12, 11402. https:/ /doi.org/10.3390/app122211402

https://www.mdpi.com/journal/applsci


https://doi.org/10.3390/app122211402
https://doi.org/10.3390/app122211402
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://doi.org/10.3390/app122211402
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app122211402?type=check_update&version=1

Appl. Sci. 2022, 12, 11402

20f11

and horizontally oriented [6]. Generally, an increase in antenna gain enables long-distance
communication, but in this case, the bandwidth must be reduced. However, if a null point
occurs in a specific direction, communication gets disconnected in that direction. Therefore,
to achieve stable communication without interruption in any situation, the antenna gain
of 360 degrees must be at or above a certain value, with omnidirectional radiation beam
patterns. That is, a new antenna structure is required to minimize the null points with
sufficient gain.

Stable communication is possible while driving only when the antenna radiation pat-
tern forms at 90° in the horizontal direction for both front and rear vehicle communication,
85° for a vehicle on a hill, and 80° for a base station at a height of 6 m, respectively [7]. Al-
though the shape of the actual theoretical radiation pattern is omnidirectional, it is difficult
to implement this for an antenna attached to the top of a metal vehicle, due to the wide
reflector, a nearby GPS antenna, and another antenna, which results in a null area.

In [8], for a bidirectional patch antenna, a gain of 6.62 dBi was obtained using three
patches, but a null region of —10 dBi or less occurred due to the flat conformal structure.
In [9], despite implementing omnidirectionality, it was difficult to install two antennas
inside the shark-fin module due to its large size. In [10,11], for the monopole structure,
a significant null region occurs due to the finite ground size. In [12,13], two compact
V2X antenna solutions were proposed, but due to the characteristics of the collinear array
antenna structure, the height was approximately 50-60 mm. In order to simultaneously
implement the frequency modulation (FM), amplitude modulation (AM), and WAVE
antennas in the shark-fin module, the height of the WAVE antenna must be lowered.

In this study, we propose an antenna structure with omnidirectional characteristics
while lowering the height of the collinear array antenna in the finite ground of the shark-fin
module by adding closed-loop devices to the monopole. In particular, the gain can be
improved by focusing the flow of the surface current of the ground around the antenna
through closed-loop devices.

In this study, we investigated the influence of closed-loop devices on beam patterns
radiated from existing monopole WAVE antennas. The effects were analyzed by introduc-
ing single, dual, and quadruple closed-loop devices into an existing monopole antenna.
Furthermore, the surface current, radiated beam patterns, and average gain were analyzed
by using the high-frequency structure simulator (HFSS) and computer simulation technol-
ogy (CST) programs. The effects on the beam patterns radiated from a monopole antenna,
based on the number of closed-loop devices, i.e., one, two, and four, were also analyzed.
The designed monopole WAVE antennas with closed-loop devices were implemented and
their characteristics were compared with the simulation results.

2. Materials and Methods

Figure 1 shows the schematic and photo image of the designed WAVE antenna with
closed-loop devices. In a current WAVE antenna without a closed-loop device, the height of
the antenna should be greater than 50 mm because of weak radiated beam patterns [12,13].
Contrastingly, by introducing a closed-loop device, the height of the WAVE antenna can
be lowered to 9.97 mm. As the distribution of the surface current flowing to the ground
is widened by introducing closed-loop devices to the ground, the disadvantage of the
finite ground of the monopole antenna can be compensated. Additionally, it is effective
in obtaining omnidirectional characteristics because they also act as a reflector for the
radiated beams from the monopole antenna. Moreover, null points, where the minimum
gain is below —20 dBi in a monopole-only WAVE antenna, can be alleviated by introducing
closed-loop devices.

The width, length, and height of closed-loop devices were designed to be of 3.04,
5.00, and 2.90 mm, respectively, as shown in Figure 1a,b. The dimensions of the closed-
loop devices were determined by considering the resonance and omnidirectional beam
patterns in the operating frequency range of 5.850 to 5.925 GHz, used in the WAVE antenna.
The height of the monopole antenna was designed to be about 9.97 mm (approximately
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0.24 A), and the total length of each closed loop device was determined to be 13.84 mm
(approximately 0.34 A). To form a resonance between 5.85 and 5.925 GHz of the WAVE
antenna’s operational frequency and implement an omnidirectional beam pattern, the
distance between the signal and closed-loop devices must be larger than 0.24 A. This is
slightly smaller compared to previous reports, where the distance between the signal and
the parasitic elements ranges from 0.3 to 0.4 A [14,15]. The proposed antenna was realized
on the FR4 with a substrate (¢; = 4.3, tané = 0.025) of 0.8 mm thickness and signal and
closed loop devices of 0.1 mm metal thickness.

Signal —

£

Parasitic elements

(c)

Figure 1. (a) Schematic of a closed-loop device; (b) Image of the designed monopole WAVE antenna

with quadruple closed-loop device; (c) Image of the fabricated monopole WAVE antenna with
quadruple closed-loop devices installed on the shark-fin module; and (d) Monopole-only WAVE
antenna, which was used for characterization.

Figure 1c shows a photo image of the fabricated quadruple closed-loop devices intro-
duced to the monopole WAVE antenna. The fabricated antenna was mounted on a shark-fin
module for evaluation in the real environment. It comprised two LTE antennas and four de-
signed antennas. Figure 1d shows a conventionally used monopole-only antenna without
a closed-loop device, which was fabricated for comparison with the designed antenna.

3. Results

Figure 2 shows the surface current distribution when there are one, two, and four
closed-loop devices with a general monopole antenna. The surface current is wider in
the direction where there is a closed-loop, as illustrated in Figure 2. Therefore, it can
be expected that the beam pattern will become stronger in the opposite direction of the
closed-loop devices. As the number of closed-loop devices increases, the surface current
gets centered around the monopole antenna, and its density also increases.

Figure 3 shows the surface current and magnetic field characteristics of a closed-loop
device. Because of the role of closed-loop devices as a reflector of the beams emitted from
the monopole, the density of the magnetic field is high around the monopole, and there is a
slight fluctuation according to the difference in gain value. The magnetic field distribution
shown in Figure 3b is strongly distributed around the monopole and the closed-loop device,
and the distribution is stronger around the monopole. If the dimension of the closed-
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loop device is adjusted, the strength of the magnetic field in a specific direction can be
strengthened, thereby enabling smoother communication in that direction. This is one way
to increase the gain value of the beam pattern between 80° and 90° in a specific direction
for facilitating smooth communication between vehicles on the road, vehicles traveling on
hills, and base stations.

(©) (d)

Figure 2. Surface current distribution obtained from (a) Monopole-only WAVE antenna; (b) Single;

(c) Dual; and (d) Quadruple closed-loop devices with monopole WAVE antenna.
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Figure 3. (a) Surface current; and (b) Magnetic field distribution obtained from the monopole WAVE

antenna with quadruple closed-loop device.

The beam patterns radiated from the monopole WAVE antenna on the 400 mm ground
were analyzed by changing the number of closed-loop devices. As in the surface current
distribution characteristics shown in Figure 2, the effects of the number of closed-loop
devices on the radiated beam patterns from the monopole WAVE antenna appear similar.
Even when there is only a monopole antenna without closed-loop devices, omnidirectional
radiation characteristics are exhibited to some extent. However, for a specific angle, a
decrease in gain value can be seen, as presented in Figure 4a.

As shown in Figure 4b, when one closed-loop device is installed, the gain value of
the beam pattern increases in the opposite direction, and is denoted as a red circle. That
is, when the closed-loop device is installed at around 120° to 150°, the density of the
beam pattern increases in the area between 270° and 360°. It was verified that the role of
the closed-loop device is to reflect the signal radiated from the monopole antenna in the
opposite direction of its installed location.
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Figure 4. Radiated beam patterns obtained from (a) Monopole-only WAVE antenna; (b) Single;
(c) Dual; and (d) Quadruple closed-loop devices with monopole WAVE antenna on the 400 mm
ground. Red circles denote the region where gain was improved by introducing closed-loop devices.

Figure 4c shows the results of the beam pattern analysis when two closed-loop devices
were installed in a diagonal direction. Similar to Figure 4b, a closed-loop device was
additionally installed between 30° and 60° and another between 210° and 240°. The gain
value of the beam pattern increased in the opposite direction (marked by red circles) in the
results shown in Figure 4c. Compared to the result shown in Figure 4b, which is of a single
installed closed-loop device, the density of the beam pattern increased even in the region
between 120° and 150°, indicating that the two closed-loop devices worked independently.
Moreover, it was verified once again that the role of the closed-loop device is to reflect the
signals emitted from the monopole.

For the final step, four closed-loop devices were installed on the monopole WAVE
antenna to obtain omnidirectional radiation beam patterns with an enhanced gain value.
Quadruple closed-loop devices were installed for a 360° coverage. Compared to instances
where one and two closed-loop devices were installed, the gain value of the beam pattern
increased evenly over the entire 360° direction, as shown in Figure 4d (see the different
scale in Figure 4). If there was interference between the closed-loop devices and the beam
pattern, the gain value of the signal radiated from the monopole would not have increased
evenly. This proved that quadruple closed-loop devices work independently without
affecting each other.

Uniformly increasing the overall gain by reducing the loss results in the signal radiated
from the monopole antenna being reflected through the closed-loop device and radiated
to the outside. The currently used monopole antenna without a closed-loop device is at
a disadvantage, wherein the height of the monopole must be relatively high to minimize
the loss of the radiated signal [13,14]. However, when the closed-loop device is mounted
on the monopole antenna, the height can be reduced because the closed-loop device can
minimize the density of the signal radiated from the monopole by reflecting the signal in
the opposite direction. Therefore, despite reducing the height of the existing monopole
antenna from 50 to 60 mm to 9.97 mm, the average gain value was able to maintain the
omnidirectional beam pattern characteristics while sustaining the increased gain. It can be
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concluded that the role of the closed-loop device is to increase the intensity of the beam, i.e.,
the gain value, by reflecting the beams radiated from the monopole antenna back around
the monopole, as shown in Figure 4.

The radiation pattern of the signal at a specific angle is also very important for facilitat-
ing the smooth inter-vehicle communication of autonomous vehicles and communication
with the base station. The radiation pattern of the antenna is important at 90° for commu-
nication between vehicles, at 80° for communication with base stations located 6 m high,
and at 85° when driving on a hill [7]. At these angles, it should have an omnidirectional
radiation pattern and a gain value large enough for stable communications.

Figure 5 shows the two-dimensional (2D) and three-dimensional (3D) radiation beam
patterns of the WAVE antenna installed only with a monopole antenna and no closed-loop
device on the shark-fin module (in Figure 1d). The characteristics of the radiation pattern
were analyzed to verify whether smooth communication was achieved at angles of 80°, 85°,
and 90°, respectively; a 3D view is presented in Figure 5d.

Gain (Theta=80°), Phi/Degree vs. dBi Gain (Theta=85°), Phi/Degree vs. dBi

Gain (Theta=90°), Phi/Degree vs. dBi

(o) (d)

Figure 5. Radiated beam patterns obtained from the monopole-only WAVE antenna on the shark-fin
module at the angles of (a) 80°, (b) 85°, and (c) 90°; and (d) 3D view.

Conversely, the 2D- and 3D-radiated beam patterns from the monopole WAVE antenna
with quadruple closed-loop devices on the shark-fin module (in Figure 1c) are shown in
Figure 6. The 2D null value comparison of monopole-only (red color) and monopole with
quadruple closed-loop devices (green color) at angles of 80°, 85°, and 90°, respectively, is
shown in Figure 7a—c. At 80°, the null value is enhanced from —30.8 to —4.7 dBi. At 85°,
the null value is enhanced from —26 to —5.5 dBi, and at 90°, the null value is enhanced
from —21 to —6 dBi. From these simulation results, the monopole-only antenna has a
serious null point when installed on the shark-fin module. However, the proposed antenna,
a monopole with a closed-loop device, has an omnidirectional beam pattern without a
null point.
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Figure 8 shows the surface current of the antennas when installed on the shark-fin
module. For the monopole-only antenna (in Figure 8b), it can be seen that the surface
current affects surrounding antennas through the ground. However, for the proposed
antenna (in Figure 8a), the surface current is concentrated only around the antenna. This
proves that the four devices form a closed-loop path for the surface current. By allowing
the surface current to focus only around the antenna, the characteristics of the gain and
beam pattern of the antenna can be improved. These characteristics improve isolation
performance in the shark-fin module, which requires multiple antennas to be installed on
the common ground.

Gain (Theta=85°), Phi/Degree vs. dBi

Gain (Theta=90°), Phi/Degree vs. dBi

() (d)
Figure 6. Radiated beam patterns obtained from monopole WAVE antenna with quadruple closed-
loop devices on the shark-fin module at the angles of (a) 80°, (b) 85°, and (c) 90°; and (d) 3D view.
Farfield Realzed Gain Abs (Theta=80)

Farfield Realzed Gain Abs (Theta=85)
0

farfield (=5.85) [dpole]
—— farfield (f=5.85) [low profie]

farfield (=5.85) [dpole]
farfield (=5.85) [Low profie]

Q (25,4788) 180 G (25, 55%)

Phi/ Degree vs. dBi

180
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Figure 7. Cont.
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Figure 7. Two-dimensional null value comparison of monopole-only (red color) and monopole with
quadruple closed-loop devices (green color) at the angles of (a) 80°; (b) 85°; and (c) 90°.

(b)

Figure 8. Surface current when installed on the shark-fin module: (a) Monopole with quadruple

closed-loop devices, and (b) monopole-only wave antenna.

We also implemented monopole WAVE antennas with four closed-loop devices and
characterized their properties to assess their practical applicability. The implemented
monopole WAVE antenna was mounted on a shark-fin antenna (Figure 1c,d). Figure 9
shows the result of analyzing the beam pattern for smooth communication at 80°, i.e., the
communication between a vehicle on the road and a base station installed at a height of
6 m.

The simulation results of the case where there was only a monopole antenna and when
quadruple closed-loop devices were installed in the monopole antenna on the shark-fin
module were compared with the experimental results. When only the monopole was
installed (Figure 1d), it was confirmed that there was a null point, indicating a very low
gain value at 24°. However, when quadruple closed-loop devices are installed in the
monopole antenna (Figure 1c), the gain value increases to 24°, and the null point shown
in the simulation result disappears. The gain values at this angle were —31 and —4.9 dBi,
respectively. The measured results obtained by mounting on the actual shark-fin antenna
are shown in blue. The gain value at the same angle is 0.74 dBi, which is a 32.74 and 7.64%
increase compared to the simulation result, respectively. The average gains of the WAVE
antenna were also compared in addition to the gains at the null point. The average gain of
the monopole-only WAVE antenna was —2.94 dBi, which was obtained via HFSS simulation.
Conversely, the average gain obtained from the WAVE antenna with closed-loop devices
was —0.3 dBi, which was further increased. Furthermore, the average gain obtained from
the measurement of the WAVE antenna with closed-loop devices was 1.57 dBi. Therefore,
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the average gain increased in the fabricated monopole antenna with quadruple closed-loop
devices. It can be concluded that the role of closed-loop devices in reflecting the radiated
signals from the monopole antenna coincided with the results of Figure 4.

180
Monopole monopole + 4 closed loop on shark fintexperiment

Figure 9. Characterization results of beam patterns radiated from WAVE antenna with/without
quadruple closed-loop devices. Red and black colors denote simulation results obtained from the
monopole-only and monopole with quadruple closed-loop devices, respectively. Blue color denotes
the measured characteristics of the monopole with quadruple closed-loop devices.

Figure 10 shows the return loss of the monopole antenna with quadruple closed-loop
devices. The simulated and measured return losses within the operating frequency were
below —14 and —17 dB, respectively.

04 = Measurement

Return Loss (dB)

54 55 58 60 82 64 66
Frequency (GHz)

Figure 10. Simulated (blue color) and measured (black color) return loss of the monopole antenna
with quadruple closed-loop devices.

4. Discussion

As shown in Figure 1c,d, the shark-fin antenna is equipped with a system for long-
term evolutionary communication in addition to the monopole WAVE antenna and another
WAVE antenna for multiple input-multiple output communication [16]. As various an-
tennas are installed on a single common ground in a shark-fin module, the isolation
characteristics of each component are important. For stable communication among vehicles
on the road and between vehicles and base stations, isolation from each system is very
important. Isolation characteristics are possible by evaluating the mutual coupling (521)
characteristics of each system. All the S21 characteristics between the WAVE antennas
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have a value of —30 dB or less at the operating frequency. The acceptable isolation value
of the proposed WAVE antennas was successfully achieved without additional isolation
techniques. These performances make them highly suitable for efficient integration into the
shark-fin vehicle environment.

In Table 1, we have compared simulated and measured results of WAVE antenna.
The simulated and measured return losses of the proposed antenna have values of —14
and —17 dB, respectively, or less at the operating frequency. The simulated and measured
average gains were —(.28 dBi and 1.57 dBi, respectively, and the simulated and measured
peak gains were 4.62 dBi and 6.29 dBi, respectively.

By installing a closed-loop device around the monopole WAVE antenna, the gain
was increased, which made it possible to realize a quarter-wave monopole WAVE an-
tenna with omnidirectional characteristics. The gain characteristic was improved as the
designed closed-loop device reflected the signal radiated from the monopole antenna and
concentrated the surface current around the antenna.

Table 1. Comparison of simulated and measured results.

Sim. (Monopole-Only) Sim. (Proposed) Meas. (Proposed)
Null value enhancement (dBi) —-30.86 —4.9 0.74
Average gain (dBi) —2.94 —0.28 1.57
Peak gain (dBi) 3.36 4.62 6.29
Return Loss (dB) Below —20 Below —14 Below —17

References

5. Conclusions

In this study, we investigated the effect of closed-loop devices introduced into a
monopole WAVE antenna. The monopole-only WAVE antenna had a null point, and
the simulated null value was —31 dBi. In the proposed WAVE antenna pointed in the
same direction, the simulated null value was improved to —4.9 dBi, and the measured
value was 0.74 dBi, which is a 32.74% and 7.64% increase compared to the simulation
result, respectively. The null point was eliminated by installing quadruple closed-loop
devices on the monopole WAVE antenna. Furthermore, the average gain obtained from
the measurement of the monopole WAVE antenna with closed-loop devices was 1.57 dBi,
which was further increased compared to the monopole-only antenna (—2.94 dBi). Despite
its quarter-wave height, it was confirmed that an omnidirectional radiation pattern was
formed. Moreover, the gain value was significantly increased compared to the conventional
quarter-wave antenna. This appears to be possible because the closed-loop devices reflect
back the signal emitted from the monopole and concentrate the surface current around the
antenna. The height of the proposed antenna is 9.97 mm (approximately quarter-wave),
measured return loss is below —17 dB, and the isolation performance is below —27 dB. The
proposed antenna is suitable for a shark-fin type WAVE antenna.
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